The use of acoustic and seismic modalities in unattended ground sensor systems has been an active area of research. However, a thorough study of the advantages and complementary aspects of the two modalities has not heretofore been considered. This paper provides a detailed description of both acoustic and seismic methods for unattended ground sensors. We discuss acoustic and seismic phenomenology; source mechanisms, propagation paths, attenuation, and sensing. These phenomena significantly impact the detection, identification, and localization objectives of unattended ground sensors. As such, certain applications will benefit from exploiting acoustic ground sensing, seismic ground sensing, or in some cases, both. A methodology is presented for selecting the preferred modality (acoustic and/or seismic) for a particular application. It is shown that the preferred modality significantly impacts the architecture of the ground sensor system. Important system architecture criteria such as transducer selection, data acquisition bandwidth, array geometry, and communications requirements are considered in this paper. Furthermore, the effects of seismo-acoustic and acousto-seismic interactions are addressed. It is shown that acoustic transducers may respond to seismic excitation, and seismic transducers often respond to acoustic excitation. In some instances, this dual-modality is of benefit. We also provide recommendations for minimizing seismic/acoustic cross talk for applications requiring independent seismic or acoustic modes.
INTRODUCTION
Unattended ground sensors (UGS) are used for remote sensing in a variety of applications ranging from industrial monitoring to military information gathering. As the name implies, an UGS is a device which is placed on the ground, automatically gathers sensor data on a remote "target", interprets the data, and communicates information back to some other location. UGS are capable of gathering and interpreting data on the remote target without interaction from a human operator. UGS are set at some standoff distance from the target and monitor emanations from the target. Both acoustic and seismic emanations have been given considerable attention in practical unattended ground sensor systems. The particular sensing modality (acoustic or seismic) depends on the application and the target(s) of interest. For example, ground sensor systems for detecting overhead aircraft are generally based on acoustic principles since the source (engine noise), and coupling medium (air) are primarily acoustic in nature. On the other hand, the detection of underground mining activities, such as deep blasting, would require a seismic UGS. There are certain applications where both acoustic and seismic emanations coexist. An example of this coexistence is detection of moving vehicles: acoustic energy emanates from the engine and exhaust, and seismic energy emanates as the rolling tires contact the roadbed. Further complicating many applications is a coupling between the acoustic and seismic modes. In the moving vehicle example, some of the acoustic energy emanating from the exhaust strikes the ground and converts into seismic energy. It is therefore essential that ground sensors properly exploit acoustic and/or seismic modalities to detect, identify, and locate targets.
The primary objective of this paper is to study the relative advantages and complementary aspects of acoustic and seismic ground sensors. In the next section, a detailed description of both acoustic and seismic ground sensing methods is provided. Acoustic and seismic phenomenology including source mechanisms, propagation paths, attenuation, and sensing is discussed in detail. Also described in Section 2 are the effects of seismo-acoustic and acousto-seismic interactions as well as recommendations for minimizing seismic/acoustic cross talk. In Section 3, representative acoustic and seismic ground sensor data are presented. The data illustrate that acoustic transducers may respond to seismic excitation, and seismic transducers often respond to acoustic excitation. In Section 4, we describe the implications of the phenomenology on the detection, identification, and localization objectives of unattended ground sensors. A methodology is presented for selecting the preferred modality (acoustic andlor seismic) for a particular application. The implications of the selected modality on the system architecture are also discussed. This paper concludes with a summary of the advantages and complementary aspects of acoustic and seismic ground sensors.
ACOUSTIC AND SEISMIC MOL)ALITIES

Acoustic ground sensing and phenomenology
The concept of acoustic ground sensing is illustrated in Figure I a. An acoustic ground sensor system is used to detect. identif''. and locate sources of acoustic emanations. The acoustic emanations result from dynamic pressure differentials occurring at the target. Sources of such pressure differentials include exhausted air and vibrating components 1]. the acoustic emanations from the target propagate as compression waves with a nominal sound speed of 330 rn/sec. and potentially impinge upon the acoustic transducer at the ground sensor system. The acoustic transducer. commonl'v referred to as a microphone. produces a voltage that is proportional to the incident dynamic acoustic pressure. ()mni-directional microphones based on condenser or piezoelectric technologies are generally the appropriate transducers tr acoustic ground sensors. These transducers provide excellent sensitivity over a frequency range of 20 Hz to 10.000 Hz. When coupled with low-noise pre-amplitiers. microphones can provide a dynamic range in excess of 120 dB. In practice. however, the noisefloor of microphones is dominated h' background acoustic sources, especially wind noise. I'or example. a 10-kmlhr wind will result in a 30-dB increase in the background noise relative to quiescent conditions 121. Wind noise therelore can significantly reduce the performance of an acoustic ground sensor system.
The phenomenologv of acoustic ground sensing is significantly influenced by both atmospheric and terrain variations. In the ideal case of an isotropic atmosphere and flat terrain, an acoustic wave viIl follow a straight path between the target and the sensor. In the more general case, however, as illustrated in Figure lb . atmospheric and terrain effects result in reflection. refraction, scattering, and attenuation. This phenomenology significantly affects the acoustic signal level at the ground sensor. For example. it is quite possible that the atmosphere andJor terrain can form a 'shadow zone', such that a ground sensor placed in this zone would be unable to detect emanations from the target. Furthermore, because atmospheric conditions change with time, the acoustic signal level at the ground sensor can exhibit both diurnal and seasonal variations. Another practical consideration of acoustic ground sensors is frequency-dependent and range-dependent propagation effects. Acoustic absorption. scattering, and spherical spreading result in a decrease in signal amplitude at both increasing ranges and increasing frequencies. Hence, the ability of a ground sensor system to detect and identify a target is a function of its emanation frequencies. and the range between target and sensor. As a result, acoustic ground sensors nominally perform best when operating in the frequency hand of 20-1000 Hz at target-sensor-ranges of 100-600 m (31.
A final important consideration is the variability of the sound speed in air. For example. the temperature-dependence of the sound speed in air can he approximately represented by:
where c0 is the sound speed at 0°C (331.6m/s), and T is the temperature in degrees Celsius. So at 30°C, the sound speed is approximately 5% faster than at 0°C. Such a small sound speed variation alone would result in a relatively small uncertainty when estimating target locations by the time-of-flight method. However, additional atmospheric effects such as temperature inversions, can cause significant refraction and reflection phenomena to occur, as illustrated in Figure lb . Such refraction and reflection phenomena, if not properly accounted for, introduce a significant error in target location estimates.
Seismic ground sensing and phenomenology
The concept of seismic ground sensing is illustrated in Figure 2a . A seismic ground sensor system is used to detect, identify, and locate sources of seismic emanations. Seismic emanations occur when vibrating components within the target are mechanically coupled to the ground. Target vibrations that are coupled into the earth propagate within the ground as elastic waves. These elastic waves propagate in a complex manner through the geologic medium, and potentially impinge upon the seismic transducer at the ground sensor system. The seismic transducer measures the earth's vibrations at a single point. Two types of seismic transducers are commonly used within ground sensor systems. The first type, commonly referred to as a geophone, is a moving-coil electro-dynamic device that produces a voltage proportional to the velocity of the ground vibrations. Geophones exhibit both a low-frequency fundamental resonance and a high-frequency spurious resonance. The manufacturer meticulously specifies the resonant frequency of commercial geophones, with common resonant frequencies being 10 Hz, 14 Hz, 28 Hz, and 40 Hz. The spurious resonance nominally occurs at 25-times the fundamental resonance, and is often specified by the manufacturer. Because of amplitude and phase distortions at the fundamental and spurious resonant frequencies, ground sensor systems should generally exploit only those frequencies between the fundamental and spurious resonances. For example, when using a 14 Hz geophone, the recommended seismic bandwidth is from 15 Hz to 340 Hz. For wider bandwidth systems, accelerometers are often considered. Accelerometers are solid-state piezo-electric devices that produce a voltage proportional to the acceleration of the ground vibrations. Accelerometers exhibit a high-frequency resonant frequency and no low-frequency resonances. Typical seismic accelerometers have a resonant frequency in excess of 1000 Hz. Hence, accelerometers can be used over a bandwidth of 0-Hz to 1000 Hz. Unfortunately, current seismic accelerometers are fragile and exhibit excessive electronic noise at low frequencies, thereby limiting their usefulness. It has been shown that geophones are preferred for sensing frequencies below approximately 100 Hz, while accelerometers are preferred for sensing frequencies above 100 Hz [4] . In many ground sensor applications, the majority of propagated seismic energy is below 100 Hz, and thus geophones suffice.
Both wind noise and cultural noise influence the performance of seismic ground sensors. Wind noise may couple into seismic ground sensors by either direct or indirect means. Direct wind noise coupling results when some portion of the ground sensor is in direct contact with the wind. For example, if the ground sensor is a rigid body with an antenna that extends into the air, air motion across the antenna can couple into the transducer. Completely burying the sensor or mechanically decoupling exposed elements from the transducer can minimize direct wind noise. Indirect wind noise coupling occurs when the wind strikes the ground and/or vegetation in the vicinity of the ground sensor. Wind-induced vibrations result from the reaction of the ground to the wind force and through root motions. As shown in a subsequent section, burying the transducer at significant depths can reduce indirect wind noise.
Seismic wave propagation is highly dependent on the underlying geology. As illustrated in Figure 2b , seismic propagation can include compression waves, shear waves, surface (Rayleigh) waves, reflected waves, and refracted waves. Whereas acoustic waves propagate at a near-constant velocity, seismic wave speeds can range from 200 rn/sec (surface waves in loose, dry sediments) to over 4000 rn/s (compression waves in hard rock). As a result, localization of targets using seismic ground sensors is a challenging problem. Fortunately, geology is not time-dependent, so advanced localization methods such as travel-time-inversion and F-K beam-forming can be effective when combined with seismic propagation models and/or active seismic calibrations.
Frequency-dependent and range-dependent propagation effects also influence seismic ground sensors [51. Seismic absorption, scattering, and spherical spreading result in a decrease in signal amplitude at both increasing ranges and increasing frequencies. Because these effects are highly dependent on the geologic medium, the operating bandwidth and required target-to-sensor range is highly variable. In practice, seismic ground sensor systems are designed for a nominal bandwidth (e.g. 20 Hz -400 Hz), and then deployed at a target-to-sensor range appropriate for the presumed geology and target strengths. 
Seismo-acoustic and acousto-seismic interactions
Acoustic and seismic phenomenologies were independently addressed in Sections 2.1 and 2.2 respectively. Under certain circumstances. however. seismo-acoUStic and acousto-seismic interactions need to he considered. An acousto-seismic interaction is defined as an airborne acoustic wave that couples into the ground andior the seismic transducer. When an airborne acoustic wave impinges on the earths surface, some portion of the energy is converted to seismic energ\ and propagates into the ground. These seismo-acoustic waves generally propagate from source-to-Sensor at the acoustic \ elocit (331 mlsec) and can be measured by a surface geophone. The acousto-seismic wave is rapidly attenuated as it propagates into the earth, and is usually observed only in seismic sensors at or near the surface. The acousto-seismic interaction can he amplified if some portion of the seismic ground sensor system extends into the air, thereby creating a reflecting surface reaction.
A seismo-acoustic interaction is defined as a ground-borne seismic wave that couples into the air andior the acoustic transducer. In general. seismo-acoustic mode conversion at the surface is very inefficient and usually not observed in airborne acoustic sensors. However, microphone elements that are mechanically coupled to the ground can produce a signal in response to surface seismic motions. Placing the microphone in a vibration isolation mount can minimize this seismoacoustic interaction.
EXPERIMENTAL METHODS AN1) RESULTS
Sensor noise experiment
An experiment was undertaken to illustrate wind-induced seismic noise. For this experiment, a remote location in Neada was selected so as to minimize cultural seismic noise sources. At the site, three 10Hz geuphones were buried at depths of 0.5m. 1 .Om. and 2.0m respectivel. Data was collected simultaneously on all three geophones under 25 km/hr nominal md conditions. At these wind speeds. the wind-induced noise dominated over the low seismic cultural noise background. Raw time series data was collected for a period of 1 minute and the periodograrn method was applied to produce a noise poer spectral density measurement. The power spectrum from the 0.Sm sensor was used to normalize the deeper sensor data and estimate the signal attenuation as a function of depth. The resulting attenuation of wind-induced noise measurements ocr the frequency range of lO-7() Hz is plotted in Figure 3 . Note that the wind-induced noise decreases as the geophone depth-ofburial increases. Furthermore note that high frequency wind noise is more rapidly attenuated than lower frequency noise. These depth and frequency dependencies are manifestations of the acoustu-seismic nature of wind-noise. In particular. windnoise within seismic ground sensors can he considerably reduced by appropriately burying the sensor. Reduction of mdnoise in this manner can significantly impro e the detection performance of seismic unattended ground sensor systems. 
Surface detonation experiment
An experiment was undertaken to demonstrate coupling between acoustic and seismic propagation modes. In this experiment, a 1501b explosive charge was detonated at the surface (local geology is dry alluvium), thereby simultaneously generating an airborne acoustic pulse and a well-coupled seismic wave. A 28-Hz geophone was deployed at a range of 800m from the detonation. The geophone was buried O.5m below the surface to avoid any direct acoustic coupling. A broadband microphone was also deployed at this 800m range. The microphone was placed in a vibration isolation stand at a height of O.5m above the ground, thereby minimizing any direct seismic coupling. Figure 4a plots the simultaneous time series recorded by the geophone and the microphone. Note that the microphone data primarily consists of an air-borne detonation pulse. The first arrival on the microphone data occurs at 2.39 seconds after the detonation. For the 800m source-receiver separation, this corresponds to a propagation speed of 333 mIs, thus verifying the pure acoustic path of the microphone signal.
Referring to the seismic trace in Figure 4a , significant seismic propagation complexity was observed. An initial broadband pulse arrives at the geophone at 0.6 seconds after the detonation. This corresponds to a propagation velocity of 1333 mIs, consistent with compressional seismic wave propagation in dry alluvium. Also note that the seismic sensor clearly records the acoustic arrival. This confirms the presence of an acousto-seismic interaction. Figure 4b shows an enlarged portion of the acoustic arrivals. An acoustic reverberation from the detonation is observed in both the geophone and microphone data. Furthermore, note that only the geophone signal contains a low frequency wavelet prior to the acoustic arrival. This wavelet travels slightly faster than the acoustic velocity and is the result of a surface seismic wave.
Idled vehicle experiment
To further illustrate acoustic and seismic ground sensor modalities, an idled vehicle experiment was undertaken. In this experiment, a large diesel truck was idled at constant RPM on a dirt road. In an idled mode, the truck emanates primarily acoustic energy through its exhaust. Both a geophone (buried O.5m) and a microphone (vibration isolated at O.5m above surface) were deployed at a range of 200m from the vehicle. A simultaneous 1 -minute time series was acquired from the two sensors. The periodiogram method was applied, and the resulting geophone and microphone spectra are provided in Figuregeophone through an acousto-seismic interaction. On the other hand, the geophone exhibits several 1owfrequency tones (e.g. 20 and 30 Hz) that do not appear in the microphone spectra. These low-frequency tones suggest that some emanations from the truck couple directly to the ground (e.g. through the wheels) and propagate seismically to the ground sensor. Further study, such as velocity analysis with frequency-wavenumber methods [6] is required to ascertain the propagation paths of the various tones. Nonetheless, the fact that the geophone and microphone provide independent spectral information suggests that the fusion of seismic and acoustic modalities may provide improved methods for detecting and identifying vehicles. As illustrated in the previous sections, both acoustic and seismic modalities can provide important information on target emanations. The selection of the appropriate methodology is dependent on a number of factors, as described in the next section. However, it is important to outline first the implications that acoustic and seismic phenomenologies have on the detection, identification, and localization performance of ground sensors. Table 1 provides a matrix of these implications for seismic and acoustic modalities. Having established the advantages and disadvantages of both acoustic and seismic ground sensors, we are now in a position to establish a methodology for selecting the appropriate modality. The modality that is selected will primarily depend on two factors: the source of the acoustic/seismic emanations, and the intended ground sensor mission. For example, airborne sources, such as aircraft, are best monitored with acoustic UGS. On the other hand, subsurface sources such as underground mining are best monitored with seismic UGS. In many applications, both seismic and acoustic emanations coexist, and the fusion of acoustic and seismic ground sensor data may be synergistic. Hence, the methodology for selecting the appropriate ground sensor modality is summarized in Figure 6 .
Implications of selected modality on system architecture
Having identified the preferred modality (acoustic, seismic, or a combination), certain system architecture aspects need be considered. These considerations relate to deployment means, data acquisition and telemetry requirements. For example, since seismic UGS perform best when buried, they can be effectively deployed by airdrop, but would require excavation for hand-delivery. On the other hand, acoustic UGS require a microphone appendage in the air and are thus more difficult to deploy by airdrop. Also, acoustic UGS generally require larger data acquisition bandwidths, thereby impacting the data acquisition, signal processing, data storage, and telemetry requirements. These issues, along with mission specific concept of operations must be considered when selecting acoustic, seismic, or mixed modalities. Figure 6 . Methodology for selecting acoustic or seismic modalities. Some applications would benefit from a fusion of these two modalities.
SUMMARY
In this paper, we have presented the relative advantages and complementary aspects of acoustic and seismic ground sensors. A detailed description of both acoustic and seismic ground sensing methods has been provided. Acoustic and seismic phenomenology including source mechanisms, propagation modes/paths, attenuation, and sensing have been discussed in detail. The effects of seismo-acoustic and acousto-seismic interactions as well as recommendations for minimizing seismic/acoustic cross talk have been highlighted. We have shown representative acoustic and seismic ground sensor data to illustrate the advantages and complementary aspects of the two modalities. The data illustrate that seismic transducers often respond to acoustic excitation through acousto-seismic coupling. Based on these results, we discussed the implications of this phenomenology on the detection, identification, and localization objectives of unattended ground sensors. We have concluded with a methodology for selecting the preferred modality (acoustic and/or seismic) for a particular application. 
